The onset and development of both the ability to germinate and to tolerate rapid enforced desiccation were investigated during the development and maturation of seeds of bean {Phaseolus vulgaris L.) at different temperatures and also after different slow-drying treatments. The onset of germinability occurred when seeds were less than half-filled in the absence of both a post-ovule abscission programme and water loss from the seeds. Maximum ability to germinate normally and maximum tolerance to rapid enforced desiccation to 14-16% moisture content did not occur until 2-23 d and 6-23 d after mass maturity (end of the seedfilling period), respectively. The slow-drying of immature seeds for 7 d ex planta before rapid enforced desiccation increased the ability to germinate and stimulated the onset of desication tolerance. Holding seeds moist for 7 d (during which time moisture content declined by <5%) had similar effects, but seed germination after rapid enforced desiccation was consistently greater in seeds first dried slowly than held moist. Comparisons between seeds less than halffilled dried slowly ex planta and full seeds undergoing maturation drying in planta showed that a similar (slow) rate of water loss over a 7 d period had a similar effect on the subsequent ability of seeds to tolerate rapid enforced desiccation. Thus, neither a post-ovule abscission programme nor loss of water were required for the onset of the ability to germinate in developing bean seeds, but both were required for the development of the ability to germinate and resistance to solute leakage, when rehydrated, after rapid enforced desiccation.
Introduction
Since the development of most seeds is terminated by a period of maturation drying, it has been suggested that desiccation (whether natural or imposed) plays an essential role in the transition from a developmental programme to a germinative mode (Dasgupta et cil., 1982; Kermode and Bewley, 1985; Jiang and Kermode, 1994) . Immature seeds of several legumes and other dicotyledonous plants have been reported not to germinate on water when removed from their parent plant in the fully hydrated state, but will germinate after drying (Adams and Rinne, 1981; Dasgupta et al., 1982; Misraand Bewley, 1985; Kermode et al., 1986) . For example, freshlyharvested seeds of bean (Phaseolus vulgaris L.) have been reported to be capable of germinating only after they have first acquired tolerance to rapid desiccation and only after achievement of maximum seed dry weight which is subsequent to the beginning of net water loss in situ (Dasgupta et al., 1982; Kermode et al., 1986) .
Premature desiccation has been used experimentally to define the role of desiccation in terminating development and promoting germination (Jiang and Kermode, 1994) . In particular, slow drying of seeds in or out of pods improves the germinability of immature seeds of various crops (Adams and Rinne, 1981; Adams et al., 1983; Kermode and Bewley, 1985) . This observation was thought to confirm the view that desiccation is pivotal in switching seeds from development towards germination. However, seeds dried slowly in pods for several days continue to develop within the pod and, therefore, do not necessarily correspond to the developmental stage of seeds immediately threshed from pods (Siddique et al., 1987; Fountain et al., 1989; Leprince et al., 1993) . Another experimental approach later shown to be equally beneficial, compared to slow-dried seeds (Adams and Rinne, 1981; Kermode and Bewley, 1985) , in improving the germinability of immature seeds was the use of a minimal drying treatment, i.e. seeds placed in an atmosphere of high relative humidity for several days (Bewley et al., 1989; Kermode and Bewley, 1989) . This approach prompted the latter researchers to review the role of desiccation and propose an alternative hypothesis; that a combination of length of time of seed detachment from the mother plant, with some water loss, may be sufficient to initiate the switch from development to germination (Bewley et al., 1989; Kermode and Bewley, 1989) .
In contrast, Fischer et al. (1988) reported that immature seeds of mustard (Sinapis alba L.) were able to germinate without any preceding dehydration treatment. They concluded that partial or full desiccation did not act as an environmental signal for reprogramming seed development from maturation to germination. Instead, they argued that the water relations of the seed, i.e. water potential and turgor pressure, are a critical element in the control of maturation and germination (Fischer et al., 1988) . Similarly, Galau et al. (1991) also argued that the desiccation process plays no role in preparing the developing embryo for desiccation and the early events of germination. However, they agreed partially with the conclusions of Bewley et al. (1989) and Kermode and Bewley (1989) that a period of time from seed detachment is required, i.e. a post-ovule abscission programme must be completed, before the embryo is truly able to complete germination, even if the embryo is never desiccated (Galau et al., 1991) .
Whether tolerance to rapid desiccation is developed before or in response to water loss during maturation has not been readily answered (Leprince et al., 1993) . In discussing desiccation tolerance, it is necessary to be clear as to the moisture contents to which seeds are dried before they are rehydrated. Much of the work on desiccation tolerance in many species, including bean (Dasgupta et al., 1982; Misra and Bewley, 1985; Kermode et al., 1986) , is unclear as to the precise moisture contents after drying. Recent work on Norway maple (Acer platanoides L.) (Hong and Ellis, 1992) and rice (Oryza sativa L.) (Ellis et al., 1993; Ellis and Hong, 1994) has emphasized that the development of desiccation tolerance to low moisture contents (5%) can lag considerably behind that for tolerance of desiccation to higher moisture contents. Desiccation tolerance to very low moisture contents, in both species, increased after the end of the seed-filling phase (defined as mass maturity; Ellis and Pieta Filho, 1992) , and after the onset of net water loss in planta.
Thus, this research was conducted in order to determine whether the onset of germinability and/or the onset of desiccation tolerance in bean require a post-abscission programme, or a net loss in water from the seed, or both; i.e. to clarify contradictory conclusions concerning the role of desiccation in transforming seeds from a developmental to a germination mode. In addition, it considers whether the onset of desiccation tolerance, and the stimuli that result in the onset of desiccation tolerance, precedes the onset of germinability.
Materials and methods

Experiment 1
The objective of this experiment was to investigate the relations between seed development, water loss, and the development of germinability and desiccation tolerance in planta. Seeds of bean cv. Pompadour PC-50 obtained from the Dominican Republic were sown on 14 May 1993 in 2 1 pots in a plastic tunnel house at the Plant Environment Laboratory, Reading; 140 plants were grown in an area 1.6 m wide x 5.2 m long. Temperature was controlled at 30/24 °C (12/12 h day/night cycle, respectively) with a 12 h photoperiod (using a blackout system, with forced ventilation under the blackout to regulate temperature).
The appearance of first open flowers on 50% of the plants occurred on 10 June 1993. Eighteen plants were harvested serially at each of 21, 26, 31, 36, 41, 46 , and 56 d after 50% first flowering. Plants were sampled progressively from each end of the area, harvests being taken from each end alternately. Discard plants were maintained around the area. Seeds were removed immediately from the pods by hand and samples drawn in order to determine seed moisture content (%), mean seed dry weight (mg) and the germination capacity of 100 freshly-harvested seeds. Seed moisture contents were determined using the high-constant-temperature oven method (ISTA, 1993a, b) \ the two-stage method was used for all fresh seeds whose moisture content was above 17% (ISTA, 1993a, b) . Seeds were tested for germination between rolled moist paper towels (four replicates each of 25 seeds) at an alternating temperature of 20/30°C (16/8 h) for 14 d. Seedlings were evaluated for normal germination (ISTA, 1993a, b) ; i.e. the development of a normal root and shoot structure. The remaining seeds in the sample were rapidly dried to 13-14% moisture content in a drying cabinet at 15°C and 15% relative humidity. The germination of dried seeds was tested (as for fresh seeds) after they had first been stored hermetically at 3-5 °C for 3-4 d (to allow moisture to equilibrate within and among seeds).
Experiment 2
The objectives of this experiment were: (i) to compare the development in planta of ability to germinate and tolerate desiccation between different seed production environments; (ii) to compare the development of germinability and desiccation tolerance in planta and ex planta; and (iii) to determine whether or not the acquisition of desiccation tolerance is associated with reduced solute leakage from seeds, since solute leakage is an indicator of damage to cell membranes (Dasgupta et al., 1982; Sun and Leopold, 1993; Leprince et al., 1993) .
Bean (cv. Pompadour PC-50) seeds were sown on 13 May 1994 and 23 May 1994 and subsequently grown in two plastic tunnel houses controlled at temperatures of 30/24 °C (12.33 h d" 1 photoperiod) and 27/21 °C (12.00h d~" photoperiod), respectively. The extra 20 min photoperiod used in the warmer regime was due to constraints on controlled-environment facilities. The difference in photoperiod had no effect on development because both photoperiods were below the critical value: the duration from sowing to first flowering at 30/24 °C was 27 d in both 1993 and 1994. The total number of plants grown on to flowering and beyond at 30/24 C was the same as in Experiment 1, while 336 plants were grown at 27/21 C C in an area 1.2 m wide x 16.4 m long. 24, 31, 34, 38, 42, 49, 56, 63, 70, 77 , and 84 d after 50% first flowering in the cooler seed production environment. At each harvest, 18 and 22 plants were harvested in the warm and cool temperature regimes, respectively. Seed moisture content (%), mean seed dry weight (mg) and the germination of 100 freshly-harvested seed were determined for seeds taken from plants produced in each environment, as described in Experiment 1. Samples of 100 seeds were also tested for ability to germinate after seeds were dried rapidly to 13-14% moisture content in a drying cabinet at 15-17 °C and 12-15% relative humidity.
The remaining (fresh) seeds from the first two harvests (each comprising 22 plants) for seeds produced at 27/21 °C and harvested at 24 d and 31 d after 50% first flowering and 22 additional plants harvested at 38 d and 49 d after 50% first flowering were used to determine desiccation tolerance to low moisture contents and the electrical conductivity of seed steep water. A summary of these seed harvest dates (in relation to 50% first flowering and mass maturity), seed moisture contents at harvest, and mean seed dry weights are provided in Table 1 . From each of these harvests, samples of fresh seeds (100 seeds per test) were also withdrawn in order to determine ability to germinate (as described in Experiment 1) of the control samples. Four subsamples of seeds were then drawn from each of these four samples of freshly-harvested seeds and subjected to the following treatments: rapidly-dried (to 16% moisture content) in a drying cabinet maintained at 15-17 °C and 12-15% relative humidity (for 1-3 d depending on seed moisture content at harvest); held moist in an atmosphere of high relative humidity (>98%) above water (but not in contact) for a period of 7 d; slow-dried in or out of pods for 7 d. The saturated salt series used for the two slow drying treatments, the relative humidity (RH) generated, and the number of days at each relative humidity were: 85% RH (KC1 for 3 d); 65% RH (NaNO 2 for 2 d); 45% RH (KNO 2 for 2 d). This is similar to the series of relative humidities used by others (Schonbeck and Bewley, 1981; Kermode and Bewley, 1985) .
Each subsample was then further divided into four and then dried rapidly to moisture contents of 15-16%, 12-13%, 8-9%, or 4% (±0.5%). Seeds were dried rapidly to 8-9% moisture content in a drying cabinet at 15-17°C and 12-15% relative humidity. Rapid drying below this moisture content was done over regularly-regenerated silica gel at 20 °C. Following all drying treatments seeds were then stored hermetically at 3-5 °C for 3-4 d (to allow moisture to equilibrate within and among seeds) before seed moisture contents were determined (as described in Experiment 1). Seeds dried to moisture contents of 12-13% or below were humidified in a moist atmosphere (above water) at 20 C C, in order to raise seed moisture contents to at least 15% before being tested for germination and so prevent imbibition damage. All seeds were tested for germination as described in Experiment 1 and seedlings were evaluated according to the ISTA (1993a, b) criterion of normal seedling development.
The electrical conductivity of the steep water of seeds dried rapidly to 8% moisture content after the four initial drying regimes was also measured. Two replicates, each of ten seeds, were weighed and then steeped in 50 ml of deionized water at 20 °C for 24 h and the electrical conductivity of the seed steep
Seed development and maturation 951
water determined using a conductivity meter (CMD 750, Walden Precision Apparatus, Linton, Cambridge) (ISTA, 1987) .
Results
Expenment 1
Seed moisture content declined steadily during the dry matter accumulation phase of seed development, from 70% to 47% moisture content shortly after mass maturity, but then declined much more rapidly during the next 4 d (Fig. la, b) . Mass maturity (determined by an iterative regression analysis procedure) occurred 33 d after 50% flowering, when seed moisture content was 51% ( inclusion of some green (immature) seeds in all but the last harvest (17% moisture content). Flowering and, therefore, the production of green seeds, continued throughout the period of seed development and maturation. However, the proportion of'immature' seeds (green) in each sample declined with time, being 100, 98, 71, 53, 9, 4, and 1% on 21, 26, 31, 36, 41, 46 , and 56 d after 50% first flowering, respectively. The ability of seeds to germinate before and after rapid desiccation was tested for each entire seed lot (immature or mature), except for the last harvest where the 1% green seed fraction was excluded. Ability to germinate (total germination, i.e. those germinating normally plus those germinating abnormally) was shown by more than 80% of freshly-harvested seeds 3-4 d before mass maturity, and remained high thereafter (Fig. lb, c) . Maximum viability was not attained by the entire seed population until the last harvest, 56 d after 50% first flowering (Fig. lc) . The development of the ability of freshly-harvested seeds to germinate normally lagged considerably behind that for just radicle emergence; i.e. comparison of the open circles and squares in Fig. lc shows that many of the immature seeds which germinated produced abnormal seedlings. The ability of seeds to germinate normally began to develop before seeds achieved maximum dry weight, at between 21 d and 26 d after 50% first flowering. There was a consistent increase in ability to germinate normally throughout seed development thereafter. Maximum values for normal germination (92%) were not recorded until the final harvest (56 d after 50% first flowering).
Immature seeds harvested at less than 75% maximum dry weight, i.e. 21-26 d after 50% first flowering (Fig. lb) , had almost no potential to survive desiccation and subsequently germinate normally upon rehydration (Fig. lc) . Seeds began to acquire the ability to tolerate desiccation from 26 d after 50% first flowering. Desiccation tolerance improved only slightly before mass maturity, but subsequently much more dramatically. The latter phase coincided with the rapid natural decrease in seed moisture content (to 25%) subsequent to mass maturity (Fig. 1) . During this maturation drying phase, the capacity of rapidly-dried seed to germinate normally exceeded that for freshly-harvested seed. As with fresh seed, the normal germination of dried seed was maximal (94%) in the last harvest, i.e. 56 d after 50% first flowering.
Experiment 2
Mass maturity occurred 34 d after 50% first flowering in the wanner regime, when seed moisture content was about 48%, and 36 d after 50% first flowering in the cooler regime, when seed moisture content was 50% (Fig. 2a) .
The onset of the ability of seeds, from both temperature regimes, to germinate normally began sometime before mass maturity (Fig. 2) , as with seeds produced at 30/24 °C in 1993. Maximum normal germination (of seeds from both environments) was not attained until shortly (2-3 d) after mass maturity, and remained high thereafter. The onset of ability to germinate normally after rapid enforced desiccation to 13-14% moisture content (in both environments) began before mass maturity (10 d and 5 d before in the warmer and cooler regimes, respectively); maximum (>95%) capacity to germinate normally was not detected until 8 d (in the warmer regime) and 6 d (in the cooler regime) after mass maturity. The capacity of seeds first dried (13-14% moisture content) from both environments to germinate normally lagged behind that for seeds not dried (Fig. 2b) . The duration from 50% first flowering to the onset of ability to germinate normally (with or without desiccation) was shorter in the warmer seed production regime (Fig. 2b) . However, seeds from both environments reached maximum capacity to germinate normally, before or after desiccation, at about the same time (just after mass maturity), in contrast to seeds produced at 30/24 °C in 1993 when the capacity of rapiddried seed to germinate normally was greater than that of fresh seeds during the post-mass maturity phase. Any differences between the seed production environments (in ability to germinate both before or after desiccation), in 1994, were not readily apparent in subsequent harvests, i.e. after mass maturity (Fig. 2b) . The development of germinability of seeds produced at 27/21 °C and harvested at four different developmental stages also preceded desiccation tolerance (Fig. 3) . Whereas 20% of fresh immature seeds harvested 24 d after 50% first flowering (when seed moisture content was 73.7%, Table 1 ) were capable of germinating normally, all rotted when tested for germination after 2-3 d rapid drying to 14-16% moisture content (or below) (Fig. 3a) . However, seeds harvested at this stage but initially held moist in an atmosphere of high relative humidity for 7 d, or slow-dried in or out of pods for 7 d (moisture loss shown in Table 3 ), showed a much greater capacity to germinate normally than did fresh seeds (Fig. 3a) ; i.e. an initial post-harvest phase of slow desiccation promoted the ability to germinate normally, and also tolerance to subsequent rapid enforced desiccation. The capacity to germinate normally following desiccation to 16% moisture content or below was higher in seeds slow-dried out of pods compared to seeds held-moist, but was greatest for seeds slow-dried within pods (Fig. 3a) . Similarly, about 60% of fresh seeds harvested 1 week later (5 d before mass maturity, Table 1 ) were capable of germinating normally, but all failed to germinate when tested after rapid enforced desiccation to about 16% moisture content or less (Fig. 3b) . The capacity to germinate normally of seeds harvested 31 d after 50% first flowering then held moist or slow-dried in or out of pods before being dried rapidly to below 16% moisture content was also greater than that of seeds not dried, being greatest in seeds slowdried in pods (Fig. 3b ).
At about mass maturity (actually 2 d afterwards, Table 1 ), when full capacity to germinate normally of freshly-harvested seeds was attained, more than 80% of seeds dried rapidly to 16% moisture content were also capable of germinating normally (Fig. 3c) . However, this value was significantly lower than that for seeds first dried slowly, either in or out of pods. Desiccation tolerance of seeds held moist was much lower at this harvest (38 d after 50% first flowering) compared to the other seed drying regimes (Fig. 3c) . This was because these seeds germinated precociously whilst being held at a high relative humidity before final rapid desiccation.
Differences in the capacity to germinate normally of seeds harvested 13 d after mass maturity (Table 1) then rapid-dried, held moist, or slow-dried in or out of pods before being finally rapid-dried to 16% moisture content were marginal (Fig. 3d) . At this harvest, desiccation tolerance to about 16% moisture content was near maximal in all seed drying treatments, as was the germination of freshly-harvested seed (Fig. 3d) . Progressive drying to 12% moisture content and below reduced ability to germinate normally for seeds harvested 13 d after mass maturity and earlier, for all four initial drying treatments (Fig. 3) . Analysis of variance of arcsin-transformed percentage normal germination confirmed that the effects of drying to different moisture contents (P<0.00\), seed harvest date (/><0.001), drying regime (/ > <0.001), and the interaction between the effects of all three factors (P<0.025) were significant.
In particular, the effects on normal germination after desiccation to 4% moisture content of initial drying regime (/ > <0.001), seed harvest date (P<0.001), and their interaction (P< 0.001) were very significant. The onset of tolerance to an initial slow desiccation treatment before final rapid desiccation to 4% moisture content occurred well before mass maturity, and then increased further until mass maturity, whereas the ability of developing bean seeds to germinate normally following rapid desiccation to 4% moisture content was not detected until mass maturity (Fig. 4) . The development of ability to germinate normally after desiccation to 4% moisture content for shelled seeds dried slowly lagged behind that for seeds slow-dried in pods. Nevertheless, tolerance of desiccation to 4% moisture content was greatest at about mass maturity in both treatments and declined thereafter. The development of tolerance to desiccation to 4% moisture content of seeds initially held moist after harvest lagged behind that for the above two treatments. The differences in the development of desiccation tolerance to 4% moisture content among the various drying regimes, shown in Fig. 4 , were paralleled by the results for the electrical conductivity of the steep water of seeds dried to 8% moisture content (Fig. 5) . The effects of seed harvest date (/ ) <0.001), drying regime (/ > <0.001), and their interaction (P< 0.001) on the electrical conductivity of seed steep water were significant. Conductivity decreased considerably and consistently in seeds dried rapidly to 8% moisture content with seed harvest date and was least in the last harvest, 13 d after mass maturity. Similarly, the conductivity of seeds initially held moist for 7 d and then dried rapidly to about 8% moisture content decreased consistently between the first and the last harvest and was always lower than that of seeds dried rapidly (Fig. 5) . These trends in the conductivity of steep water of seeds rapid-dried or held moist were also evident 1 g~') of the steep water of developing seeds of bean when dried rapidly to 8% moisture content after different initial desiccation treatments. The seeds were produced at 27/21 C in 1994 and initially held moist (O), rapid-dried (C) or slow-dried in (A) or out (*7) of pods for 7 d. The arrow denotes mass maturity. The vertical bar represents the least significant difference (P = 0.05). in that of seeds slow-dried in or out of pods until mass maturity, but increased thereafter. There was a strong negative correlation between the ability to germinate normally after desiccation to 4% moisture content and the electrical conductivity of seed steep water (Fig. 6) .
Discussion
Immature bean seeds tested immediately after harvest had acquired the ability to germinate well before mass maturity (Figs 1-3) . These seeds were less than half-filled (1993) or just over half-filled (1994) (Figs 1, 2 ; Table 1 ) and net seed water content was still increasing in situ (Table 2) . Thus, the onset of germinability required neither a post-ovule abscission programme, contrary to the hypothesis of Galau et al. (1991) , nor loss in water. The view that water loss (i.e. desiccation) alone or in combination with time from ovule abscission enables developing seeds to switch from a developmental mode to a mode in which germination is possible (Misra and Bewley, 1985; Bewley et al., 1989; Jiang and Kermode, 1994) , therefore seems tenuous. Rather, in this study seed detachment from the mother plant and ample moisture were sufficient to promote the switch of immature (less than half-filled) bean seeds from development towards germination. The conclusion that desiccation is not required for the onset of ability to germinate in bean is compatible with the work of Fountain and Outred (1990) . They showed that when water was injected into the intact pods of bean towards the end of the seed-filling phase, the seeds Seed development and maturation 955 germinated precociously within the pod even with the funiculus still intact.
These observations for bean are compatible with those for certain other species. Immature freshly-harvested seeds of mustard (Fischer et al., 1988) , Brassica campestris (Leprince et al., 1990) , Arabidopsis thaliana (Koornneef et al., 1989) , pea {Pisum sativum L.) (Matthews, 1973) and soyabean (Glycine max (L.) Merrill) (Zanakis et al., 1994) as well as those of rice (Ellis et al., 1993) and barley (Hordeum vulgare L.) (Pieta Filho and Ellis, 1991) were also capable of germinating after harvest without a requirement for either water loss or a period of time from seed detachment (post-abscission programme). Thus, seed detachment from the mother plant, once seed-filling has begun, may assist in initiating the switch from a developmental to a germination mode in many developing seeds.
Water relations are important in various aspects of seed development (Bradford, 1994) and are an essential factor in redirecting seeds towards precocious germination (Walbot, 1978) . It has been argued that during maturation on the mother plant the embryo is subjected to a considerable turgor pressure accompanied by a low water potential (Fischer et al, 1988) . This turgor permits maturation growth, but is subcritical for germination growth. Upon imbibition in water, the low water potential provides a driving force for a burst of water uptake overcoming the critical turgor threshold and thereby inducing germination (Fischer et al., 1988) . Immature fresh seeds have been shown to take up water before they germinate just as mature seeds do, but the change in water status (i.e. osmotic potential) of the axis may be more important in regulating germination than movement of water into the seed (Egli and TeKrony, 1993) .
In contrast to the development of germinability, the acquisition of tolerance to rapid enforced desiccation (to 14-16% moisture content) in developing bean seeds was associated with a net decline in seed water content. The effect of a similar degree of water loss from seeds whether in planta or ex planta improved dessication tolerance to comparable levels. Normal germination after rapid desiccation to 14-16% moisture content for seeds produced at 27/21 °C in 1994 increased from 0% ( Fig. 3b ; Table 2 ) to 82% (Fig. 3c) or 79% (Table 2 ) between 31 d and 38 d after 50% first flowering during which period net seed water content declined in planta (actually only between 34 d and 38 d after 50% first flowering) by about 23% (Table 2 ). During this period (i.e. 31-38 d) a similar reduction in net water content ex planta of 19% (i.e. held moist treatment, Table 3 ) increased normal germination after desiccation to 14-16% moisture content correspondingly from 0% to 72% (Fig. 3b) . Similarly, the desiccation tolerance of immature seeds harvested 7 d earlier (i.e. 24 d after 50% first flowering) then held moist for 7 d, during which period net seed water content declined ex planta by 26% (Table 3) , increased from 0% to 61% (Fig. 3a) . (%, wb), net water content (mg/seed) and ability to germinate (%) after rapid enforced desiccation to 13-14% moisture content of seeds of bean produced at 30/24°C (in 1993 and 1994) and 27/21 °C (1994) In contrast, in the absence of net loss in water and a post-ovule abscission programme, seeds at this developmental stage did not develop desiccation tolerance during this 7 d period; tolerance to rapid desiccation to 14-16% moisture content was not acquired in immature seeds harvested between 24 d and 31 d after 50% first flowering (Fig. 3a, b ) when net seed water content increased (Table 2) . Hence, a similar slow reduction in net seed water content in planta and ex planta provided a comparable increase in desiccation tolerance. Desiccation tolerance also improved for seeds slow-dried in or out of pods (when harvested at 24 d and 31 d), which experienced a greater net water loss ex planta than seeds held moist (Fig. 3a, b , Table 3 ). However, note that seeds slow-dried within pods also accumulated dry matter during the 7 d period of slow drying (Table 3) ; thus slow loss in moisture may have been confounded with further development in this particular treatment.
Thus, it appears that decline in net seed water content is required for the development of the ability to withstand rapid desiccation in bean seeds. The onset of tolerance to rapid enforced desiccation occurred in all three bean seed crops just before natural ovule abscission on the mother plant at about the time when seed water content had stabilized, i.e. seed water content was maximal (Table 2) . Furthermore, desiccation tolerance increased with a net decline in seed water content (Table 2) . Although it is apparent that the onset of tolerance to rapid desiccation does not require a post-ovule abscission programme in planta, there was considerable opportunity for a postabscission programme before the germination of dried seeds reached full capacity (Table 2 ; Figs 1, 2). Clearly though, slow water loss in planta or ex planta is required for the development of tolerance to rapid enforced desiccation in bean seeds (Tables 1, 2; Fig. 3 ). This slow decline in seed water content was associated with seed bleaching (i.e. loss in chlorophyll).
Acquisition of tolerance to rapid enforced desiccation has also been reported to occur after the onset of ability to germinate in orthodox seeds of other dicotyledonous species. Developing seeds of several dicotyledonous plants (Table 4) showed a consistent delay between the onset of ability to germinate and the onset of desiccation tolerance. It appears that orthodox seeds of other dicotyledonous plants, besides bean, require a further period in planta after they acquire germinability before they become toler- Sanhewe et al. (1996) P, the onset of germinability precedes the onset of desiccation tolerance. C, the onset of germinability more or less coincides with (or is preceded by) onset of desiccation tolerance.
ant to rapid desiccation. In pea (Matthews, 1973) and soyabean (Zanakis et al., 1994) , as with bean, the development of desiccation tolerance in the whole seed population in planta was associated with a net loss in seed water content. Hence, the development of desiccation tolerance in orthodox seeds of other dicotyledonous plants may also be associated with water loss. In contrast, the onset of the ability of certain monocotyledonous seeds to germinate more or less coincided with (or was preceded by) the onset of tolerance to rapid enforced desiccation (Table 4) . Immature seed of wheat {Triticum aestivum L.) (Sanhewe et al., 1996) , barley (Pieta Filho and Ellis, 1991) and rice (Ellis et al., 1993) , harvested as early as 10-15 d after anthesis, when seed water content was still increasing, were capable of germinating after rapid enforced desiccation to 10-15% moisture content. Hence, although most orthodox seeds (of both monocotyledonous and dicotyledonous plants) acquire germinability when very immature and when the seed water content is still increasing, seeds of monocots may be more capable of tolerating rapid desiccation during early development. The development of desiccation tolerance in seeds of certain dicots not only lags behind the development of germinability but is also associated with decline in seed water content.
The importance of drying seeds to similar moisture contents in order to make better comparisons between various initial drying regimes is shown clearly by the results in Fig. 3 . Rapid desiccation to low moisture contents progressively reduced the ability to germinate normally for all seeds harvested before, at, or after mass maturity whatever the initial drying regime (Fig. 3) . The ability of seeds to tolerate rapid desiccation to very low moisture contents has been suggested as a possible measure of seed quality (Ellis and Hong, 1994) . The electrical conductivity of seed steep water has long been used as a test of seed vigour (Matthews and Bradnock, 1968) . Both these aspects of seed quality were strongly correlated ( Fig. 6 ) and continued to improve after mass maturity for seeds dried rapidly immediately after harvest (Figs 4, 5) . However, although the ability of bean seeds to germinate normally after rapid enforced desiccation to 4% moisture content increased during the 13 d after mass maturity, it had not reached 100% by this time (Fig. 3d) . The possibility that seed quality would have continued to increase in later harvests (i.e. beyond 49 d after 50% first flowering) had sufficient seeds been available is investigated in a subsequent paper.
